Abstract-Dipeptidyl peptidase-IV (DPP-IV) inhibitors decrease degradation of the incretins. DPP-IV inhibitors also decrease degradation of peptides, such as substance P, that may be involved in the pathogenesis of angiotensinconverting enzyme (ACE) inhibitor-associated angioedema. This study tested the hypothesis that DPP-IV inhibition affects risk of clinical angioedema, by comparing the incidence of angioedema in patients treated with the DPP-IV inhibitor vildagliptin versus those treated with comparator in Phase III randomized clinical trials. Prospectively defined angioedema-related events were adjudicated in a blinded fashion by an internal medicine adjudication committee and expert reviewer. Concurrent ACE inhibitor or angiotensin receptor blocker exposure was ascertained from case report forms. Study drug exposure was ascertained from unblinded data from phase III studies. Odds ratios and 95% confidence intervals comparing angioedema risk in vildagliptin-treated and comparator-treated patients were calculated for the overall population and for patients taking ACE inhibitors or angiotensin receptor blockers, using both an analysis of pooled data and a meta-analysis (Peto method). Overall, there was no association between vildagliptin use and angioedema. Among individuals taking an ACE inhibitor, however, vildagliptin use was associated with an increased risk of angioedema (14 confirmed cases among 2754 vildagliptin users versus 1 case among 1819 comparator users: odds ratio 4.57 [95% confidence interval 1.57 to 13.28]) in the meta-analysis. Vildagliptin use may be associated with increased risk of angioedema among patients taking ACE inhibitors, although absolute risk is small. Physicians confronted with angioedema in a patient taking an ACE inhibitor and DPP-IV inhibitor should consider this possible drug-drug interaction. (Hypertension. 2009;54:00-00.)
D
iabetes mellitus affects some 195 million people worldwide. Despite the availability of many classes of antidiabetic agents including sulfonylureas, biguanides, thiazolidinediones, meglitinides, and insulin and the use of combination therapy, glycemic control is often inadequate. The dipeptidyl peptidase-IV (DPP-IV) inhibitors represent a promising new class of orally active agents for the treatment of type 2 diabetes. 1 DPP-IV (CD26; EC 3.4.14.5) is a cell-surface protease that inactivates the incretin hormones glucagon-like peptide-1 (GLP-1) and glucose-dependent insulinotropic polypeptide (GIP). The incretins play an important role in glucose homeostasis, stimulating insulin secretion, suppressing glucagon release, and slowing gastric emptying. When given as monotherapy, the DPP-IV inhibitors increase circulating concentrations of GLP-1 and GIP and decrease glucose concentrations in type 2 diabetes. [2] [3] [4] [5] In clinical trials in type 2 diabetic patients with inadequate glucose control despite treatment, the addition of a DPP-IV inhibitor decreases fasting glucose and hemoglobin A1c and improves insulin secretion. 6, 7 In addition to degrading the incretins, DPP-IV degrades other peptides with a proline or alanine in the penultimate amino position. 8 Theoretically, DDP-IV inhibitors could cause beneficial or adverse effects by preventing the degradation of these other peptides. For example, the vasodilator substance P is normally degraded by angiotensin-converting enzyme (ACE). When ACE is inhibited, however, substance P is inactivated by DPP-IV ( Figure 1 ). 9 Substance P contributes to ACE inhibitor-associated tracheal edema in animal models. 10 Moreover, plasma DPP-IV activity is decreased in some patients during ACE inhibitor-associated angioedema. 11, 12 Taken together, these data suggest the hypothesis that pharmacological inhibition of DPP-IV could increase the risk of angioedema in patients taking ACE inhibitors.
The first DPP-IV inhibitor, sitagliptin phosphate, was approved by the FDA for the treatment of type 2 diabetes in October 2006. 13 DPP-IV inhibitor use was associated with an increased risk of nasopharyngitis in an early meta-analysis of published 12-to 24-week trials. 14 In April 2007, the sitagliptin label and package insert were amended to state that, "There have been postmarketing reports of serious hypersensitivity reactions in patients treated with JANUVIA. These reactions include anaphylaxis, angioedema, and exfoliative skin conditions including Stevens-Johnson syndrome. Onset of these reactions occurred within the first 3 months after initiation of treatment with JANUVIA, with some reports occurring after the first dose." 15 We present here the results of premarketing surveillance for angioedema in clinical trials of the DPP-IV inhibitor vildagliptin.
Methods

Ascertainment of Angioedema Cases From Clinical Studies of Vildagliptin
Beginning in 2005, angioedema was specified as a safety event in clinical trials of vildagliptin, for adjudication by a 5-member, independent Internal Medicine Adjudication Committee (IMAC) and an additional expert reviewer (N.J.B.). IMAC members were not Novartis employees and were affiliated with academic institutions or hospitals other than Vanderbilt. An "Angioedema and AngioedemaRelated Events" questionnaire was created to capture information regarding clinical presentation and treatment. Cases were reviewed if a study investigator submitted an adverse event case report form that included any 1 of 75 prespecified terms. A full list of terms that triggered adjudication for angioedema appears in the appendix. Because cases were to be further reviewed, this list was designed to be sensitive rather than specific.
A clinical research scientist (CRS) employed by Novartis reviewed any case meeting 1 of the prespecified terms for angioedema. Two cases were designated as possible unexpected severe adverse events and were unblinded to the CRS before her review, but not to either the IMAC or the external reviewer. In all other cases, the CRS was blinded to treatment. The CRS completed the "Angioedema and Angioedema-Related Events" questionnaire based on case report forms, any medical records pertaining to the event (such as physician's office records or emergency department records), and a clinical summary completed by the investigator. The "Angioedema and Angioedema-Related Events" questionnaire included questions regarding the date of onset of symptoms, the site of any swelling, and treatment (including the withdrawal of study medication or any other medication, administration of H 1 or H 2 blockers, the use of corticosteroids or epinephrine, hospitalization, and intubation). Information regarding concurrent ACE inhibitor or angiotensin receptor blocker (ARB) use was obtained from concurrent medication and adverse event case report forms. These forms listed the start and stop dates for all medications. Severity and relation of the event to study medication was determined by the examining physician on the adverse event report form.
The questionnaire, any medical records pertaining to the event, and a narrative prepared by the CRS were evaluated by the IMAC and separately by the expert reviewer. The IMAC and reviewer were blinded to treatment in all cases. The outside reviewer's classification was forwarded to the IMAC. The IMAC categorized all cases as "Confirmed Angioedema," "Not Angioedema," or "Not sufficient information" for diagnosis, by either majority vote or consensus.
Statistical Analysis of Vildagliptin Data
In the summer of 2008, biostatisticians (S.B. and D.C.) completed an analysis of a pooled safety dataset for all completed clinical trials of vildagliptin, as well as unblinded data from the 52-week interim analysis of a large clinical trial (CLAF237A 2308). All studies were randomized and double blind, with the exception of study 23 119, which was randomized open label. A list of all studies analyzed appears in Appendix II. Although study 2308 was not completed at the time, the rationale for including it in the analysis was that it was a large study and an interim analysis had been completed that had already unblinded the statisticians to most patients, including several known cases of angioedema. Two classifications of angioedema events were defined for analysis. Firstly, only those cases adjudicated as confirmed angioedema were included. Next a sensitivity analysis was performed including both those cases adjudicated as confirmed and those cases adjudicated as having insufficient information available. Events were subclassified into those occurring during concurrent ACE inhibitor exposure and those occurring during concurrent ARB exposure. The denominator of number of patients (overall and in patients taking an ACE or ARB) was determined from unblinded data from all studies in the database. Using these events and associated denominators, unadjusted odds ratios and 95% confidence intervals comparing angioedema risk in vildagliptin-treated and comparator-treated patients were calculated for the overall patient population and in the subgroups of patients taking ACE inhibitors and patients taking ARBs (pooled analysis).
Because an analysis based on pooled data are vulnerable to Simpson paradox, 16 we also performed meta-analysis, combining odds ratios across studies. We used the Peto 1-step odds ratio method, a method that is particularly well-suited to analyze studies in which event rates are less than 1%. 17 For this analysis, we included those studies with both a vildagliptin arm and a comparator arm and with at least 1 angioedema event in 1 of the arms, even if the other arm had no events. We conducted this analysis using both fixed and random effects.
Angioedema in Postmarketing Surveillance of Sitagliptin and Literature Search
On May 25, 2007, one of the authors (N.J.B.) sent a letter to the FDA requesting information about adverse events reported in postmarketing surveillance of sitagliptin. An FDA Adverse Event Reporting System (AERS) Freedom of Information Act Report was generated on July 2, 2007. After reviewing this initial report, the author requested additional information on 32 reports, representing 31 unique cases. This included cases identified as angioedema, anaphylaxis, swelling, hypersensitivity reaction, or rash. This information was provided on November 29, 2007 .
Using PubMed, we searched the English language literature for reports of angioedema in patients taking a DPP-IV inhibitor other than vildagliptin. We reviewed the adverse events in published clinical studies of sitagliptin, saxagliptin, and alogliptin. Additional searches using the key words "angioedema," "edema," and "swelling" combined with "sitagliptin," "alogliptin," "saxagliptin," or "dipeptidyl" did not yield any articles. Figure 1 . Schematic diagram showing the role of angiotensinconverting enzyme (ACE) and dipeptidyl peptidase-IV (DPP-IV) in the degradation of bradykinin and substance P. Studies in rodents suggest that DPP-IV is the primary enzyme responsible for the inactivation of substance P when ACE is inhibited. 26 The dotted line indicates that bradykinin is already inactivated by aminopeptidase P (APP) before it is degraded further by DPP-IV. CPN indicates carboxypeptidase N; NEP, neutral endopeptidase.
Results
Characteristics of Angioedema Cases in Premarketing Studies of Vildagliptin
Fifty-five cases of potential angioedema, from among 13 921 patients, were reviewed by the IMAC and unblinded before December 31, 2007 . The IMAC confirmed 27 cases as angioedema, judged 19 cases not to be angioedema, and determined that there was not sufficient information to diagnose or refute angioedema in 9 cases. The characteristics of the 27 patients with confirmed cases appear in Table 1 . The race of the patients who developed angioedema generally mirrored the demographic characteristics of the patients enrolled in clinical trials. A majority were female. Of the 27 cases confirmed as angioedema, 19 were taking vildagliptin. Among vildagliptin users, the most common sites of involvement with angioedema were the face or cheek, the periorbital area, the throat, and the tongue. Although urticaria was a prespecified term, only 1 patient had urticaria at presentation with angioedema. This subject also had edema of the hands, and was randomized to comparator. In 6 of the 19 patients taking vildagliptin, study drug was stopped; in 3 of these, vildagliptin was restarted without recurrence of angioedema. In 14 of 19 patients (73%) taking vildagliptin, angioedema was judged to be mild or moderate in severity. Four patients were hospitalized (3 taking vildagliptin and 1 taking placebo) for observation. Two patients taking vildagliptin were treated in the emergency department and discharged. The remaining patients were treated as outpatients. No patient was intubated, and no patient died.
Fourteen of the 19 patients who developed angioedema while taking vildagliptin were taking an ACE inhibitor (1 captopril, 4 enalapril, 7 lisinopril, and 2 ramipril) concurrently. All of these had been taking the ACE inhibitor before starting vildagliptin; 11 had taken an ACE inhibitor for longer than 1 year before starting vildagliptin. In 6 of the 14 patients who developed angioedema while taking vildagliptin and an ACE inhibitor, the ACE inhibitor was discontinued and not restarted. Only 1 of the 8 patients who developed angioedema while taking a comparator was taking an ACE inhibitor. Tables 2 and 3 provide rates of angioedema among patients treated with comparators (including placebo and active antidiabetic agents) or vildagliptin. Active antidiabetic agents included metformin, pioglitazone, rosiglitazone, glimepiride, and acarbose. In the overall population, there was no statistically significant association between vildagliptin use and angioedema. The overall risk of confirmed angioedema was 0.22% and 0.15% for vildagliptin-and all comparator-treated patients, respectively (Table 2) . Among individuals taking an ACE inhibitor, however, vildagliptin use was associated with an increased rate of angioedema when compared to all comparator use: 0.51% compared with 0.05%, odds ratio 9.29 (95% CI 1.22 to 70.70) in the pooled analysis. The risk of ACE inhibitor-associated angioedema was significantly increased among patients taking vildagliptin 100 mg per day, either in divided doses or as a single dose, but not in those taking vildagliptin 50 mg per day. This was true whether rates and odds ratios were computed only for confirmed cases (Table 2 ) or using a conservative analysis which included confirmed cases and possible cases for which there were not sufficient data to confirm (Table 3 ). In contrast, there was no association between vildagliptin use and angioedema among individuals taking an ARB. Figure 2 shows the results of the meta-analysis completed using the Peto method. As in the pooled analysis, there was no significant association between vildagliptin and angioedema overall. In ACE inhibitor users, vildagliptin use was associated with a significantly increased risk of angioedema when only confirmed cases were included (OR 4.57 [95% CI 1.57 to 13.28]) and when both confirmed cases and cases with insufficient information for adjudication were included (OR 4.93 [1.82 to 13.35]), although the odds ratios were smaller than those calculated in the pooled analysis. Again, there was no association between vildagliptin use and angioedema in ARB users (not shown). Figure 3 illustrates the relationship between vildagliptin dose and risk of a confirmed case of angioedema in all patients, ACE inhibitor users, and those not taking an ACE inhibitor, determined by meta-analysis using the Peto method. There was an increased risk of angioedema in all patients receiving vildagliptin 100 mg daily, either as a divided dose or a single dose but not in those receiving 50 mg/d. When data analysis was stratified according to ACE inhibitor use, however, this was attributable to an increased risk of angioedema in ACE inhibitor users taking vildagliptin 100 mg daily. There was no increased risk of angioedema in vildagliptin-treated patients not taking an ACE inhibitor concurrently, regardless of vildagliptin dose. The results were similar when both confirmed and cases for which there was not sufficient information were included in the analysis.
Risk of Angioedema in Premarketing Studies of Vildagliptin
Since this analysis, an additional 5 cases were reviewed by the IMAC; 3 were judged to be angioedema, 1 was judged to have insufficient data to adjudicate, and 1 was judged to have peripheral edema and not angioedema. Among the 3 confirmed cases, 2 of the patients were taking an ACE inhibitor. One patient, who had been taking an ACE inhibitor for 717 days and study drug for 680 days, had stridor and tongue and throat swelling, and died before hospitalization. That case was unblinded, and the patient was taking the sulfonylurea gliclazide as the study drug. The remaining 2 confirmed cases have not been unblinded. Because the studies from which these cases were ascertained have not yet been unblinded, these cases were not included in the calculation of odds ratios and confidence intervals.
Angioedema in Postmarketing Surveillance of Sitagliptin and Literature Review
Three hundred ninety-five reports to the FDA AERS involving sitagliptin were recorded from 11/02/2006 through 6/29/ 2007, representing 271 individual cases. In 14 cases, a diagnosis of angioedema or angioedema-related symptoms, such as tongue swelling, was made. Five of the 14 cases were hospitalized, 2 were admitted to an intensive care unit, and 1 was intubated. There were 2 additional cases of StevensJohnson syndrome or skin exfoliation. Information regarding concurrent drug use was not available for most cases.
Excluding review articles, we retrieved 116 Englishlanguage articles for sitagliptin, 8 for saxagliptin, and 13 for alogliptin. In a 24-week study in which type 2 diabetics treated with pioglitazone were randomized to placebo (nϭ178) or sitagliptin (nϭ175), a sitagliptin-treated patient was hospitalized for angioedema. The subject also had urticaria. 18 The study investigator graded the adverse event as moderate and possibly related to study drug. Information regarding concurrent medications was not provided.
Discussion
We report the incidence of angioedema in clinical trials of the DPP-IV inhibitor vildagliptin. Overall there was no association between vildagliptin use and angioedema in the pooled analysis. On the other hand, vildagliptin use was associated with a 9-fold increased risk of angioedema in individuals using an ACE inhibitor. This was attributable to an increased risk of angioedema in individuals receiving 100 mg per day of vildagliptin, either in a single dose or as divided doses. When meta-analysis was performed using the Peto method, there was an increased risk of angioedema in patients receiving 100 mg vildagliptin daily, which was attributable to a 4-to 5-fold increased risk of angioedema in ACE inhibitor users.
Angioedema has also been reported in postmarketing surveillance of sitagliptin, although information regarding concurrent drug use was incomplete and it is not possible to derive incidence data from AERS. Williams-Herman et al recently reported no association of sitagliptin 100 mg/d with "angioedema-like events," regardless of concurrent ACE inhibitor exposure, in Phase IIB and Phase III trials. 19 Unfortunately, events were not adjudicated and the authors included hypersensitivity reactions and urticaria among "angioedema-like events." The inclusion of allergic events confounds the interpretation of rates of true angioedema and, indeed, the incidence of "angioedema-like events" in Phase IIB and Phase III trials of sitagliptin was approximately 10-fold higher than incidence rates of angioedema reported in epidemiological studies of ACE inhibitors. 20, 21 For this reason, it is not possible to determine whether the effect of vildagliptin on the risk of ACE inhibitor-associated angioedema described in the present article represents a class effect.
The finding that pharmacological DPP-IV inhibition increased the risk of angioedema in patients taking an ACE inhibitor, however, corroborates earlier observations that DPP-IV activity is decreased in the sera of some patients during ACE inhibitor-associated angioedema. 11, 12 An interactive effect of DPP-IV inhibition and ACE inhibition on risk of angioedema also provides insight into potential mechanism(s) of ACE inhibitor-associated angioedema. Like hereditary angioedema, ACE inhibitor-associated angioedema may remit and recur spontaneously, and it may occur suddenly after prolonged ACE inhibitor exposure. 22 In the case of hereditary angioedema, increased production of kinins precipitates symptomatic episodes. 23 In the cases of ACE inhibitorassociated angioedema, decreased degradation of kinins may contribute. Bradykinin causes vasodilation and increases vascular permeability via its B 2 receptor. 24 Bradykinin also stimulates the release of substance P, which increases vascular permeability by acting at the neurokinin 1 (NK 1 ) receptor. 25 In patients taking ACE inhibitors, decreased degrada- Odds Ratio of Angioedema Figure 2 . Meta-analysis showing the effect of vildagliptin on the risk of angioedema, in all patients, those taking an angiotensinconverting enzyme (ACE) inhibitor concurrently, and those taking an angiotensin-receptor blocker (ARB) concurrently. Data are presented as odds ratios and 95% confidence intervals. Odds ratios were estimated using the Peto method, in which all studies with a comparator treatment arm and an event in at least 1 arm were included. This analysis was conducted using both fixed effect (Fixed) and random effect (Random) models. *NSI indicates not sufficient information.
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Random 2.62 (1.14-6.01) Odds Ratio of Angioedema Figure 3 . Meta-analysis showing the effect of vildagliptin dose on the risk of confirmed cases of angioedema in all patients, in patients taking an angiotensin-converting enzyme inhibitor concurrently (ACEϩ), and those not taking an ACE inhibitor (ACEϪ). Data are presented as odds ratios and 95% confidence intervals. Odds ratios were estimated using the Peto method, in which all studies with a comparator treatment arm and an event in at least 1 arm were included. This analysis was conducted using both fixed effect (Fixed) and random effect (Random) models. The 100 mg daily group includes patients receiving vildagliptin 50 mg bid and 100 mg/d.
tion of bradykinin or substance P could precipitate angioedema if the inactivation of these vasoactive peptides via other non-ACE pathways is compromised. During ACE inhibition, DPP-IV inactivates substance P. 26 Studies in rodent models suggest that substance P contributes to the pathogenesis of ACE inhibitor-associated angioedema. For example, infusion of bradykinin or substance P causes tracheal edema in rats. 27 Likewise, either bradykinin receptor antagonism or substance P (NK 1 ) receptor antagonism decreases plasma extravasation in tracheal and other tissues of ACE inhibitor-treated mice. 10 Rats genetically deficient in DPP-IV develop peritracheal edema when treated with an ACE inhibitor, and the formation of edema is decreased by administration of an NK1 receptor antagonist. 28 Together with data from the present study, these observations suggest that genetic deficiency or pharmacological inhibition of DPP-IV predisposes to ACE inhibitor-associated angioedema by decreasing the degradation of substance P.
The risk of angioedema among patients treated simultaneously with the vildagliptin and ACE inhibitors was similar to the risk of ACE inhibitor-associated angioedema of 0.1% to 0.7% derived from postmarketing surveillance or epidemiological studies, and lower than the risk of 2.8% to 6% reported in some clinical trials. 21,29 -31 This is consistent with previous reports that diabetes is associated with a reduced risk of ACE inhibitor-associated angioedema. 12, 21, 32 In addition, ACE inhibitor use was not randomized and typically preceded study enrollment by several years. Because rates of angioedema decrease progressively with time, 20, 21 there may have been selection bias for individuals less likely to develop angioedema among patients taking ACE inhibitors before study enrollment. This may also explain the low incidence of angioedema in ACE inhibitor-treated patients randomized to comparator.
In most vildagliptin-treated patients, angioedema was judged to be mild or moderate in severity. The relatively modest effect of DPP-IV inhibition on the risk of ACE inhibitor-associated angioedema may reflect the involvement of redundant enzymatic pathways in the degradation of bradykinin and substance P (Figure 1 ). During ACE inhibition, bradykinin is inactivated primarily by aminopeptidase P (APP, EC 3.4.11.9). Likewise, neutral endopeptidase (NEP-24.11, EC 3.4.24.11) contributes to the metabolism of both bradykinin and substance P. Normally, NEP does not contribute substantially to the inactivation of vasoactive substance P 9,33 ; however, diminished degradation of bradykinin or substance P may contribute to the high incidence of angioedema observed when both ACE and NEP are pharmacologically inhibited. 31 Even though combined treatment with a DPP-IV inhibitor and ACE inhibitor did not cause life-threatening angioedema in clinical studies of vildagliptin, it is important for clinicians to understand and recognize the potential interactive effect of these 2 drug classes on the risk of angioedema. Although ACE inhibitors decrease the progression of nephropathy, reduce the risk of myocardial infarction, and decrease mortality in diabetic patients, 34 -36 the death of a comparatortreated patient from ACE inhibitor-associated angioedema highlights the potentially critical nature of this adverse event.
A physician confronted with a diabetic patient who presents with angioedema while taking both an ACE inhibitor and a DPP-IV inhibitor needs to consider all possible causes of this adverse event including confounding disease or exposures, the ACE inhibitor, and concurrent treatment with a DPP-IV inhibitor.
Several limitations warrant highlighting. The angioedema event rate was small, in particular in the comparator group on ACE inhibitor. Because most patients had been treated with an ACE inhibitor chronically before randomization, there may have been selection for patients at low risk for angioedema. ACE inhibitor use was not randomized, so that it is not possible to compare rates of angioedema in ACE inhibitor users versus nonusers within either the vildagliptin group or the comparator group. Angioedema was not a primary end point of the Phase III studies, and the 24-week to 52-week duration of the studies limits the ability to assess effects of long-term exposure. The study does not address whether the effect of vildagliptin use on the risk of ACE inhibitorassociated angioedema is a class effect.
In summary, the DPP-IV inhibitors increase circulating concentrations of GLP-1 and GIP and decrease glucose concentrations in type 2 diabetes. [2] [3] [4] [5] In addition to degrading the incretins, DPP-IV degrades vasoactive peptides that have been implicated in rodent models of ACE inhibitor-associated angioedema. We report for the first time that DPP-IV inhibitor use may be associated with an increased risk of angioedema in diabetic patients who take an ACE inhibitor concurrently. This observation provides insight into the mechanism of ACE inhibitor-associated angioedema. Additional studies are needed to replicate these findings. Nevertheless, physicians caring for diabetic patients should be aware of this potential interaction.
Perspectives
Diabetes mellitus affects some 195 million people worldwide. DPP-IV inhibitors are effective new agents in the treatment of type 2 diabetes. Thirty-five to 40 million people take ACE inhibitors worldwide, 37 and ACE inhibitors are widely prescribed to diabetic patients for renal and cardiac protection. Concurrent DPP-IV inhibitor and ACE inhibitor use may become common, making it important to understand potential drug-drug interactions. 
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